Objective: The insulin-tolerance test (ITT) is currently considered to be the gold standard for evaluating adults suspected of GH deficiency (GHD). The aim of this study was to determine factors that may influence nadir blood glucose (BG) when using a mean insulin dose of 0.1 IU/kg body weight. Furthermore, we wanted to evaluate the safety and GH-related aspects of the ITT. Design: ITT was performed in 277 patients, of whom 255 (129 females) were eligible for evaluation. Results: Multiple regression analysis, including the whole population, showed that the major determining factors for nadir BG were basal BG and body mass index (BMI) ðP , 0:02Þ: No serious adverse event was recorded. Sixty-three percent of all patients tested had severe GHD with peak GH response to hypoglycaemia below 7.8 mIU/l. The positive predictive value for IGF-I was 0.82 and the negative predictive value was 0.47, using a cut-off value corresponding to 2 2 S.D. GH peak response to hypoglycaemia decreased with increasing numbers of other pituitary hormone deficiencies. Conclusions: When determining the dose of insulin based on weight, factors like pre-test BG and BMI should also be considered. We propose an algorithm stating that the dose of insulin should be 0.1 IU insulin/kg body weight minus 2 IU if pre-test BG is , 4.0 mmol/l and minus 2 IU if BMI is ,20 kg/m 2 in order to take these factors into account. Our findings furthermore support the concept that the low-dose ITT is a safe test in adults, when performed in experienced hands. It was confirmed that IGF-I is not sufficient when diagnosing GHD in adults, and reliable stimulation tests like ITT are required in the diagnosis.
Introduction
The insulin-tolerance test (ITT) is currently considered to be the gold standard when evaluating adults suspected of growth hormone deficiency (GHD) (1) , and is also widely used in the diagnosis of adrenal insufficiency in adults. In some countries, the test is also used in the evaluation of children suspected of these diseases, but because of case reports of deaths in relation to ITT (2, 3) this has been abandoned in other countries. The test is also potentially hazardous and unpleasant to the adult patient and has contraindications such as epilepsy and ischaemic coronary and cerebral disease.
The importance of a correctly performed ITT cannot be underestimated since an erroneously performed test may wrongfully result in a lifelong, unnecessary and potentially harmful substitution therapy with both GH and hydrocortisone. Despite this fact and despite the widespread use of the ITT and the fact that the test result is considered comparable between centres (1), controversy regarding test procedures exists. This is especially the case concerning the dose of insulin required to achieve adequate hypoglycaemia (4 -9) .
In some centres, the test is immediately terminated (by administering i.v. glucose or feeding the patient) once adequate hypoglycaemia has been achieved, while in others i.v. glucose is only administered in the case of adverse events or prolonged hypoglycaemia. Some evidence, however, has implied that the test should not be terminated because of the risk of false negative results (10) . An adequate insulin dose is therefore of utmost importance in order to (a) reach sufficient hypoglycaemia and (b) avoid interruption of the test caused by fear of adverse events.
The aim of this study was to determine factors that may influence nadir blood glucose (BG) when using a mean insulin dose of 0.1 IU/kg body weight in order to standardize the process of determining the insulin dose used. Furthermore, we wanted to evaluate safety aspects and the GH-related aspects of the ITT.
Patients and methods
In the period 1991 -1999, 277 ITTs were performed at the Department of Endocrinology, National University Hospital, Copenhagen.
Patient records were retrospectively obtained from 268 patients (nine were not found). Thirteen patients, considered to be insulin insensitive or with diabetes (BG . 7.0 mmol/l, according to WHO (11) and American Diabetes Association criteria) were excluded because they received very high insulin doses and therefore it was considered that they might interfere with the analyses. Thus, 255 patients were eligible for evaluation of the ITT procedure. In most of the tests where indication for performing ITT was evaluation of the pituitary-adrenal axis, GH was nevertheless measured, and these patients were included in the evaluation of the GH -insulin-like growth factor-I (IGF-I) axis. In seven patients evaluated for adrenal deficiency only, GH was, however, not measured, and in 20 patients IGF-I was not measured in relation to the ITT. Two hundred and thirty patients were therefore eligible for evaluation of the GH -IGF-I axis. None of the patients had, according to their records, factors such as liver disease or malnutrition that might have affected IGF-I levels. Cortisol levels were obtained from 229 patients. Body mass index (BMI) was available in 241 patients. Of the patients tested for GHD, 69 had childhood onset (CO) GHD.
The characteristics of the patients, original diagnosis and the indications for performing ITT are shown in Table 1 .
ITT procedure
The same technician in co-operation with an experienced physician performed all the ITTs. The patients had fasted from 2300 h on the day before the test. If the patients were on hydrocortisone substitution therapy, the last dose was at least 12 h before the test. All tests were performed at 0900 h. Intravenous access was obtained in an antecubital vein and blood samples were taken at 2 15, 0, 15, 30, 45, 60, 75 and 90 min for GH, cortisol and BG analyses. For immediate BG measurements, a photometric B-Glucose analyser from HemoCue was used at the same timeintervals. At 0 min, i.v. insulin (actrapid; Novo Nordisk, Gentofte, Danmark) was administered. The insulin dose was determined from body weight at the relatively low dose of 0.1 IU/kg. The dose was adjusted if the patient was considered to be insulin resistant or likely to be very insulin sensitive. These adjustments were based on the experience of the technician and physician rather than on measurable facts. The tests were not routinely terminated by administering i.v. glucose once adequate hypoglycaemia was reached except in case of adverse events or prolonged hypoglycaemia. After 90 min the patients were given a meal after which they left the Department.
Permission to perform this audit was obtained from the local ethical committee and registration board.
Methods
BG was measured using full blood in a HemoCue B-Glucose analyzer (precision: S.D. # 0.3 mmol/l).
Plasma cortisol was analysed using high pressure liquid chromatography (HPLC) from 1991 to 1995, a fluorescence immunometric assay (Delfia, Wallac, Finland) from 1995 to 1997, a fluorometric assay (autoDelfia, Wallac) from 1997 and another fluorometric assay from 1999 to the present day. To ensure the stability of the analysis, the Delfia assays were calibrated against the HPLC at regular intervals.
Plasma GH was measured using a polyclonal radioimmunoassay (Pharmacia hGH RIA; Pharmacia, Stockholm, Sweden) from 1991 -1994, a fluorescence immunometric assay (Delfia, Wallac) from 1994 to 1997 and another fluorescence immunoassay (autoDelfia, Wallac) from 1997 to the present day. To ensure the stability of the analysis, the same standard (WHO 1st IRP 80/505) was used at regular intervals throughout the period. 
Statistics
The test values examined (height, weight, BMI, insulin dose, insulin dose/kg body weight, basal blood glucose (BBG), nadir blood glucose (NBG), IGF standard deviation score (SDS), and cortisol) followed a normal distribution. GH peak and age did not follow a normal distribution. Pearson and Spearman analyses were used for correlations involving normally distributed values and non-normally distributed values respectively, and considered significant if P was , 0.05. Normally distributed values that correlated significantly to the dependent factor (NBG) were entered in a stepwise multiple regression analysis. In order to compare IGF-I between patients independent of age and gender, the values were transformed to SDS based on a previously published reference population (12) . An unpaired t-test was performed when comparing groups of normally distributed values and Mann-Whitney U test for those values not normally distributed.
The formulas used for sensitivity, specificity, positive predictive value and negative predictive value were: true positive (TP)/TP þ false negative (FN), true negative (TN)/false positive (FP) þ TN, TP/TP þ FP and TN/FN þ TN respectively. When calculating sensitivity, specificity and positive and negative predictive value, IGF-I SDS was used so as to be able to compare the patients independent of age and gender. Values below 2 2 S.D. were considered abnormal.
Results
The results of the ITTs are shown in Table 2 .
NBG correlated significantly with BBG ðr ¼ 0:40Þ; insulin dose/kg body weight ðr ¼ 0:23Þ and BMI ðr ¼ 0:24Þ when all ITTs were considered ðP , 0:001Þ: The correlation between NBG and insulin dose/kg body weight was positive, i.e. the higher the insulin dose the higher the NBG. Two hundred and forty one patients entered a multiple regression analysis showing that independent factors for determining NBG were BBG ðb ¼ 0:38; P , 0:00001Þ and BMI ðb ¼ 0:23; P ¼ 0:02Þ; SEE% (standard error of estimate) ¼ 12%, r 2 ¼ 0:2: When analysing patients who received an insulin dose of 0.09-0.11 IU/kg body weight ðn ¼ 122Þ; the only significant correlations were between NBG and BBG ðr ¼ 0:38; P ¼ 0:0000001Þ:
As shown in Fig. 1 , NBG, BBG, GH peak, IGF SDS and basal and peak cortisol decreased significantly with increasing numbers of additional pituitary deficiencies.
The mean NBG and insulin dose in the patients who experienced adverse events were comparable with those of the total population (1.2 vs 1.3 mmol/l and 0.104 vs 0.105 IU/kg body weight respectively). The change in BG, however, was 3.4 vs 2.8 mmol/l in the total population.
Only 31 patients received an insulin dose exceeding 0.12 IU/kg body weight. These patients were characterized by high BMI (mean 29.5 kg/m 2 ) and BBG (mean 4.5 mmol/l) compared with the total population.
Sixty-three percent of all patients tested for GHD had a GH response to ITT below 7.8 mIU/l (3 mg/l) with no difference between adult onset (AO) and CO GHD. Twenty-one percent of all tested patients with decreased GH response to ITT had no other hormone deficiencies, i.e. isolated GHD.
The GH peak response correlated significantly with the IGF-I SDS ðr ¼ 0:41; P , 0:0001Þ: This correlation was improved when evaluating only CO GHD ðr ¼ 0:59; P , 0:0001Þ: The impact of BMI and CO vs AO GHD on the relationship between GH peak and IGF SDS is shown in Fig. 2 .
Using 2 2 S.D. as cut-off, the positive predictive value of IGF-I to predict a pathological peak GH response (, 7.8 mIU/l) was 0.82 and the negative predictive value was 0.47. Sensitivity and specificity were 0.44 and 0.83 respectively. Omitting patients with BMI . 25 kg/m 2 ðn ¼ 138Þ; sensitivity, specificity, positive and negative predictive values for IGF-I in relation to outcome of GH testing were 0.40, 0.94, 0.94 and 0.40 respectively.
Cortisol was measured during ITT in 229 patients. Of these, 135 had a peak cortisol response to ITT below 500 nmol/l.
Discussion

ITT
ITT is still considered to be the gold standard when evaluating patients suspected of GH and/or adrenal deficiency (1). The potential risks and possible discomfort for the patients are, however, some of the concerns involved when using ITT. Reports of deaths or serious adverse events connected with ITT exist in the literature. These events, however, were probably caused by i.v. dextrose, causing severe hyperglycaemia, rather than the initial insulin-induced hypoglycaemia (2, 3) . Furthermore, the test has contra-indications (4, 5) . Alternatives to ITT have therefore been evaluated (13) (14) (15) (16) . The ITT is, however, still the test of choice in many centres if the patients have no contra-indications (1) .
Correct diagnosis when evaluating adult patients for GHD is imperative. A false positive diagnosis will wrongfully render the patient subject to an expensive . A cut-off for GH of 7.8 mIU/l is shown by the horizontal lines. IGF SDS 22 is shown by the vertical lines. The number of patients is shown in each case. Twelve patients were excluded since BMI data were not available. AO GHD (A) and CO GDH (S).
lifelong treatment, whereas a false negative diagnosis will deprive the patient of treatment for a disease associated with risk of increased morbidity and mortality (17) .
Some centres have introduced the policy that when BG reaches a certain level the test is interrupted by i.v. glucose and/or a meal. Donaubauer et al. (10) have, however, raised a concern about interrupting a test by showing the impact on the test results (GH and cortisol response) of i.v. glucose (either given routinely or because of adverse events). Three normal subjects had two ITTs performed, one during which the test was interrupted by i.v. glucose, and one during which BG was allowed to recover spontaneously. Even with these small numbers, they demonstrated a risk of falsely diagnosing GHD and/or adrenal insufficiency when the test is interrupted (10) .
In the literature, a range of 0.5 -3.0 IU/kg body weight has been recommended/used depending on factors such as known insulin insensitivity, acromegaly (higher doses) and pituitary/adrenal deficiency (lower doses) (4 -7, 18) . In one centre, BMI was included as an additional determinant of insulin dose (19) .
In our study, a relatively low mean insulin dose of 0.105 (range 0.075 -0.18) IU/kg body weight was used, in an attempt to reach an appropriate NBG. A median NBG of 1.30 (0.2 -2.9) mmol/l suggested that this relatively low dose might even be too high in some patients, despite the low number of minor adverse events and the absence of serious adverse events. With this dose 98% of the patients, however, reached adequate hypoglycaemia.
In order to obtain a more accurate estimate of an adjusted insulin dose we evaluated factors that may affect NBG. Surprisingly, factors like gender, adrenal deficiency and body weight did not correlate significantly with NBG. These factors may, on the other hand, be reflected in the level of BBG and BMI as suggested by our observations, and BBG and BMI and, to some extent age, should therefore be considered when calculating insulin dose, using 0.1 IU/kg body weight as an a priori dose.
A range in the dose of insulin of 0.075 to 0.18 IU/kg body weight, as observed in the present audit, is wide though, and it may be argued that the above evaluation does not reflect the correct situation in a broad sense. However, in the 122 patients who received an insulin dose of 0.09 -0.11 IU/kg body weight, BBG again correlated highly significantly with NBG, stressing its importance.
As shown in Fig. 1 , we found a significantly lower BBG in patients with three or four additional pituitary deficiencies compared with the other groups. BBG may thus reflect the degree of hypopituitarism. The range is still wide and an insulin dose adjustment should therefore be based more on BBG than merely on the diagnosis of hypopituitarism.
On the basis of the identification of BBG and BMI as determinants for NBG, we have recently tried to take these factors into account in a subgroup of 35 consecutive patients. In all 35 patients the standard insulin dose was 0.1 IU/kg body weight. If the patients had a BBG , 4.0 mmol/l (arbitrarily chosen), 2 IU insulin (also arbitrarily chosen) were subtracted from the calculated weight-based dose ðn ¼ 20Þ: If the patient had a body fat content below 25% (as determined by dexamethasone) or a BMI , 20 kg/m 2 , another 2 IU were subtracted ðn ¼ 2Þ: Thus, the algorithm derived was: 0.1 IU insulin/kg body weight minus 2 IU (if BBG is , 4.0 mmol/l) and minus 2 IU (if BMI is , 20 kg/m 2 ). Using this algorithm, the patients reached an NBG between 1.0 and 1.9 mmol/l. No side-effects were observed.
A similar algorithm for patients with high BBG and BMI (implying insulin resistance) has not yet been introduced but is needed in patients considered to be insulin resistant such as patients with Cushing's disease or active acromegaly (the latter have the test performed in order to diagnose adrenal deficiency).
Of 255 performed tests in the present study, i.v. glucose was administered in 12 tests (5%) because of the discomfort of the patient. No serious adverse events (loss of consciousness, seizures, cardiovascular incidents or death) were observed. In 250 out of 255 tests (98%), the target NBG was achieved. This suggests, in accordance with others, that the ITT is a safe test when performed in experienced hands (6) .
GH deficiency
A large proportion (37%) of the patients tested for GHD did in fact have a sufficient GH response to ITT. The number corresponded well with the findings of others (20, 21) . Also in accordance with others, we found that 21% of our patients had isolated GHD (22) , the majority of whom had CO GHD. The diagnosis of isolated GHD was, in all of these patients, confirmed by an additional stimulation test with either arginine or ITT.
IGF-I values correlated poorly with peak GH. This correlation was greatly improved when evaluating only CO GHD ðr ¼ 0:6Þ: These findings are in accordance with others, when considering the relationship between peak GH during ITT and IGF-I (23 -25) . Obesity impairs the GH response when trying to stimulate the GH axis. This fact is illustrated in Fig. 2 , showing that most patients with a low GH peak and normal IGF-I SDS were obese. Consequently, removing the obese patients from the evaluation improved sensitivity, but this was at the expense of specificity.
As may be expected, the GH peak to hypoglycaemia decreased with increasing numbers of other hormone deficiencies. Our numbers were too small, but our findings indicated that three or four additional pituitary deficiencies may be diagnostic for GHD. Interestingly, IGF-I SDS did not correlate with the number of pituitary hormone deficiencies. Further investigation with greater
